E-26 transformation-specific (ETS) proteins are transcription factors directing gene expression through their conserved DNA binding domain. They are implicated as truncated forms or interchromosomal rearrangements in a variety of tumors including Ewing sarcoma, a pediatric tumor of the bone. Tumor cells express the chimeric oncoprotein EWS-FLI1 from a specific t(22;11)(q24;12) translocation. EWS-FLI1 harbors a strong transactivation domain from EWSR1 and the DNA-binding ETS domain of FLI1 in the C-terminal part of the protein. Although Ewing cells are crucially dependent on continuous expression of EWS-FLI1, its regulation of turnover has not been characterized in detail. Here, we identify the EWS-FLI1 protein as a substrate of the ubiquitin-proteasome system with a characteristic polyubiquitination pattern. Using a global protein stability approach, we determined the half-life of EWS-FLI1 to lie between 2 and 4 h, whereas full-length EWSR1 and FLI1 were more stable. By mass spectrometry, we identified two ubiquitin acceptor lysine residues of which only mutation of Lys-380 in the ETS domain of the FLI1 part abolished EWS-FLI1 ubiquitination and stabilized the protein posttranslationally. Expression of this highly stable mutant protein in Ewing cells while simultaneously depleting the endogenous wild type protein differentially modulates two subgroups of target genes to be either EWS-FLI1 protein-dependent or turnover-dependent. The majority of target genes are in an unaltered state and cannot be further activated. Our study provides novel insights into EWS-FLI1 turnover, a critical pathway in Ewing sarcoma pathogenesis, and lays new ground to develop novel therapeutic strategies in Ewing sarcoma.
E-26 transformation-specific (ETS) 2 family members are strong activators or repressors of transcription with a highly conserved ETS domain (1) (2) (3) . ETS transcription factors (TFs) bind most commonly in complexes to a GGA core region to mediate gene expression (4, 5) . Their main biological functions include regulation of differentiation, lineage determination of the hematopoietic system, and control of angiogenesis (6, 7) . Most of the ETS family members have oncogenic potential because truncated or overexpressed ETS proteins have been linked to several cancer entities (8 -11) . ERG and ETV1 are frequently fused to the TMPRSS2 promoter in prostate cancer, whereas ETV1 and ETV6 are implicated in leukemia (12, 13) . Like other aberrant fusion proteins, they act as drivers of uncontrolled cell growth and survival (14, 15) . However, most TFs do not harbor an enzymatic pocket and are therefore difficult to target directly. Novel strategies that uncover vulnerable sites in TFs are urgently needed to develop novel targeted therapies (16) .
Ewing sarcoma is a rare pediatric bone and soft tissue tumor with an aggressive behavior and prevalence to metastasize (17, 18) . Its main genetic abnormalities are EWS-ETS rearrangements, among them most commonly the EWS gene on chromosome 22 fused to FLI1 on chromosome 11, which results in expression of the chimeric transcription factor EWS-FLI1 (19 -21) . Continuous expression of the fusion protein is crucial for tumor formation, progression, and maintenance (22, 23) , and its down-regulation inhibits proliferation and reduces tumor cell growth (24 -26) . EWS-FLI1 is thought to function mainly as a modulator to activate and repress a wide range of target genes but also as a regulator of splicing processes or as a component of large interaction networks (27) (28) (29) (30) (31) . However, inhibition of a single downstream target gene has not been proven effective yet for Ewing sarcoma therapy.
The turnover of most intracellular proteins is mediated via the ubiquitin-proteasome system, which triggers protein degradation (32) . Several ETS proteins can be polyubiquitinated by different E3 ligases and subsequently degraded by the proteasome (33) (34) (35) (36) . Considering their high conservation, proteasomal degradation is likely to be the main mechanism of turnover for most ETS family members. Most interestingly, truncated ERG and ETV1 lack the N-terminal E3 binding domain, which results in a delayed turnover of aberrant ETS proteins (34, 36) . Here, we focus specifically on the turnover of the fusion protein EWS-FLI1, which only harbors the ETS and the C-terminal domain from FLI1. The impact on the turnover of this domain fused to the N-terminal region of EWSR1 has not been investigated yet. Hence, EWS-FLI1 proteasomal turnover represents a so far uncharacterized mechanism in Ewing sarcoma tumorigenesis even though EWS-FLI1 degradation has already been linked to the lysosomal pathway (37) . Moreover, the exact lysine acceptor residues for polyubiquitination
have not yet been identified for any wild type or truncated ETS protein.
In the present study, we demonstrate that EWS-FLI1 is predominantly a proteasomal substrate with an unexpectedly high turnover rate mediated by polyubiquitination at a single lysine residue. Surprisingly, expression of this highly stable mutant protein in Ewing cells specifically induced subgroups of highly expressed or turnover-sensitive target genes, whereas the majority of target genes are unaltered. Hence, our study provides novel insights into EWS-FLI1 turnover, suggesting that deflecting its stability could contribute to new therapeutic concepts in Ewing sarcoma.
Results

EWS-FLI1 Turnover Is Proteasome-dependent-Because
EWS-FLI1 expression is crucial for tumor cell survival (24 -26) , we were interested to analyze degradation and turnover rate of the fusion protein. To address this, we first used a panel of six different inhibitors targeting proteasomal, lysosomal, and autophagosomal protein degradation pathways. Incubation with a 20 M concentration of the various inhibitors resulted in a 2-fold up-regulation of EWS-FLI1 protein levels only upon treatment with MG-132 and bortezomib, both inhibitors of the chymotrypsin-like proteasome activity ( Fig. 1A) . We next confirmed this result by selectively inhibiting the proteasomal and lysosomal degradation pathways with two compounds in three different Ewing sarcoma cell lines. Incubation with a 20 M concentration of the proteasome inhibitor MG-132 resulted in stabilization of endogenous EWS-FLI1 fusion protein by at least 2-fold, whereas this was not the case for the lysosomal inhibitor chloroquine ( Fig. 1B ). p27 and LAMP1 were used as positive controls and showed up-regulation after treatment as expected. In addition, stabilization of the fusion protein in Ewing cells by MG-132 increased over a 2-8-h treatment period in a time-dependent manner (Fig. 1C ). Hence, degradation of EWS-FLI1 is primarily proteasome-dependent under steady-state conditions. However, incubation with 20 M cycloheximide (CHX) had only limited reducing effect on the endogenous fusion protein in the Ewing cells over the same 8-h time period ( Fig. 1D ).
Next, we investigated whether the fusion protein is ubiquitinated. To this end, 3xFLAG-EWS-FLI1 was co-expressed with HA-ubiquitin in HEK293T cells and immunoprecipitated after 48 h using anti-FLAG antibody. Western blotting with an anti-HA antibody revealed at least four distinct ubiquitin bands for EWS-FLI1 that could not be increased by prior treatment with MG-132 ( Fig. 1E ), suggesting a constant ubiquitination of the fusion protein. We next co-expressed 3xFLAG-EWS-FLI1 with wild type HA-ubiquitin or ubiquitin mutants that are deficient for Lys-48-and Lys-63-linked chains. Immunoprecipitation of the ubiquitinated 3xFLAG-EWS-FLI1 revealed mainly a decrease of the ubiquitination pattern using K48R HA-ubiquitin ( Fig. 1F ), indicating that this is the major, but not only, linked ubiquitin chain of the fusion protein.
To further validate the fusion protein turnover and to overcome the limitations of classical CHX treatment to determine protein half-lives, we next used the global protein stability (GPS) approach (38) ( Fig. 2A) . Briefly, HEK293T cells were transduced with a reporter construct, DsRed-IRES-EGFP, in which EGFP is fused to EWS-FLI1. The ratio EGFP/DsRed was determined by FACS and represents a measure for protein stability. Known degron motifs with distinct half-lives were used as internal standards to estimate the half-life of EWS-FLI1 to be between 1 and 4 h ( Fig. 2B ). Incubation with MG-132 shifted the ratio closer to 4 h, confirming that EWS-FLI1 is a substrate of the proteasome system with a high turnover rate. Additionally, we treated cells with the nuclear export inhibitor leptomycin B (LMB) for 4 and 8 h. Treatment with 50 nM LMB stabilized EWS-FLI1 in a time-dependent manner ( Fig. 2C) , indicating that the proteasomal degradation mainly occurs in the cytosol. Similar results were obtained in transiently or stably transduced Ewing cells (Fig. 2 , D and E), suggesting that the high turnover of EWS-FLI1 is mostly independent of the cellular background. Interestingly, incubation with 20 M CHX again displayed a limited effect on the EGFP/DsRed ratio of the EWS-FLI1 reporter construct (Fig. 2, B and E), indicating that classical CHX treatment barely reflects the steady-state turnover rate of the EWS-FLI1 protein and possibly other proteins. Taken together, our results indicate that EWS-FLI1 is a polyubiquitinated protein with an unexpectedly high turnover rate in Ewing sarcoma cells.
EWS-FLI1 Turnover Depends on One Critical Lysine Residue-To better understand fusion protein turnover, we aimed to identify the lysine residue(s) that is important for degradation. We purified large amounts of 3xFLAG-EWS-FLI1 or a dominant-negative R386N mutant (39, 40) from HEK293T cells. The inactive mutant was included because the inability to bind DNA increases the possibility for ubiquitination. Both samples were then enzymatically digested and subjected to mass spectrometry to identify peptide shifts due to covalently attached ubiquitin. This identified two peptides with the characteristic glycineglycine shift, including residues Lys-298 and Lys-380 ( Fig. 3A and supplemental Fig. S1A ). To determine whether both sites are important for fusion protein turnover, we mutated them individually to arginine. After co-expressing the mutant EWS-FLI1 with HA-ubiquitin and immunoprecipitation from A673 Ewing cells, we found that the K298R mutant was still ubiquitinated comparably with the wild type, whereas the K380R lost this characteristic pattern ( Fig. 3B ). In addition, transient expression of the mutants in both A673 and SKNMC Ewing cells revealed that the K380R and the double mutant K298R/ K380R were 2.5-and 3.5-fold, respectively, more stable than wild type or the K298R mutant ( Fig. 3 , C and D). Like wild type EWS-FLI1, the K380 mutant was also still localized in the nucleus (Fig. 3E ). We then investigated the role of both lysines in proteasomal turnover by GPS. The half-life of K298R was comparable with wild type EWS-FLI, whereas K380R shifted close to 24 h ( Fig. 3F ). Wild type EWS-FLI1 and the K298R could be stabilized by an additional incubation with MG-132; however, the EGFP/DsRed ratio of the K380R mutant did not change upon treatment (Fig. 3G ). Hence, our findings suggest that Lys-380 is the major site required to regulate EWS-FLI1 protein turnover by the proteasome.
EWS-FLI1 Fusion Protein and Wild Type FLI1 Share a Unique Site for Turnover-To investigate whether turnover by Lys-380 is unique to the fusion protein, we subsequently com-pared the stability and ubiquitination pattern with those of the full-length proteins EWSR1 and FLI1. Surprisingly, both wild type proteins were more stable with half-lives of Ͼ4 h (FLI1) and close to 24 h (EWSR1) ( Fig. 4A ). Although FLI1 could be stabilized by incubation with MG-132 (or destabilized by CHX), these treatments did not change the already long halflife of EWSR1 ( Fig. 4B ). FLI1 was clearly polyubiquitinated similarly to the fusion protein, but EWSR1 showed strong monoand diubiquitination (Fig. 4C ). Next, we mutated the previously identified lysine residue to arginine (FLI1 Lys-334). By GPS, K334R also increased its half-life toward 24 h ( Fig. 4D ). Addi-tionally, mass spectrometry of purified 3xFLAG-FLI1 revealed glycine-glycine shifts for peptides containing lysines Lys-172 and Lys-252 (peptide spectra in supplemental Fig. S1 , B and C). Whereas Lys-172 is located in the N-terminal part and therefore not present in the fusion protein, Lys-252 corresponds to the EWS-FLI1 Lys-298 residue. Single arginine mutants of both residues display EGFP/DsRed ratios comparable with that of wild type FLI1 ( Fig. 4D, dotted lines) , indicating that both fusion and full-length protein turnover is regulated by one single lysine residue. Indeed, incubation of FLI1 and K334R with MG-132 only shifted the wild type but not the K334R mutant FIGURE 1. EWS-FLI1 protein turnover is proteasome-dependent. A, Western blotting analysis of EWS-FLI1 protein levels. A673 cells were treated with a 20 M concentration of the indicated compounds for 8 h, and EWS-FLI1 protein levels were detected with anti-FLI1 antibody. Quantification represents the ratio of FLI1 over GAPDH compared with DMSO control. B, EWS-FLI1 turnover in various Ewing sarcoma cell lines. A673, SKNMC, and TC71 cells were treated with 20 M MG-132 or chloroquine (CQ) for 10 (A673), 8 (SKNMC), and 9 h (TC71) and immunoblotted with anti-FLI1 antibody. Quantification represents the ratio of FLI1 over tubulin compared with DMSO control. C, EWS-FLI1 stabilizes in a time-dependent manner. Shown is a Western blot of A673 cells treated with 10 M MG-132 for the indicated time points. Three independent experiments were quantified and are represented in the scatter plot with n ϭ 3 (2-8 h) or n ϭ 5 (DMSO); error bars represent S.D. D, half-life of endogenous EWS-FLI1 protein. Shown is a Western blot of A673 cells treated with 20 g/ml CHX for the indicated hours. Three independent experiments were quantified with n ϭ 3 (2-8 h) or n ϭ 5 (DMSO); error bars represent S.D. E, EWS-FLI1 is ubiquitinated. 3xFLAG-EWS-FLI1 and HA-ubiquitin were co-expressed for 48 h in HEK293T cells and incubated with 10 M MG-132 for the indicated hours. After immunoprecipitation of EWS-FLI1 with anti-FLAG, ubiquitination was visualized by anti-HA antibody. F, EWS-FLI1 ubiquitination consists of Lys-48-linked ubiquitin chains. 3xFLAG-EWS-FLI1 and wild type or mutant HA-ubiquitins were co-expressed for 48 h in HEK293T cells and immunoprecipitated, and ubiquitination was visualized by anti-HA antibody. inh., inhibitor; IP, immunoprecipitation; IB, immunoblotting; ub, ubiquitin; EF, EWS-FLI1. ratio (data not shown). Interestingly, the Lys-334/Lys-380 residue is conserved within most ETS family members ( Fig. 4E ).
Together, our findings indicate that, despite differences in turnover, stability of both EWS-FLI1 and wild type FLI1 is regulated by the same critical conserved residue in the ETS domain.
EWS-FLI1 Target Gene Expression Is Subdivided into Three
Major Groups-Modulation of EWS-FLI1 target gene signature is one of the best studied mechanisms in Ewing sarcoma. EWS-FLI1 activates a wide range of target genes like NKX2.2, NR0B1, and IGF1 (30, 31, (41) (42) (43) but also has repressive functions as shown for IGFBP3, PHLDA1, and lysyl oxidase (44 -46) . Consequently, this is thought to be critical for oncogenic properties as depletion of the fusion protein results in growth inhibition and cellular senescence (24, 47) . To better understand the effect of EWS-FLI1 stability on the target gene signature, we established inducible exchange cell lines that were capable of knocking down the endogenous EWS-FLI1 while simultaneously expressing 3xFLAG-EWS-FLI1 or the K380R mutant. We first sorted cells expressing these FLAG-tagged overexpression constructs by flow cytometry for the same low EGFP expression (the selection marker of the pInducer21 vector) to obtain a homogeneously expressing population (Fig. 5A ). We then subsequently transduced each of these clonal pools with two different shRNA constructs against the 3Ј-UTR of EWS-FLI1 ( Fig.  5B ). Upon doxycycline induction for 48 h, endogenous EWS-FLI1 was exchanged with ectopic wild type or mutant 3xFLAG-EWS-FLI1versions (Fig. 5C ). As observed before, the K380R mutant stabilized the protein posttranslationally by at least 4-fold ( Fig. 5C ), whereas EWS-FLI1 mRNA levels were comparable as shown for shEF2 ( Fig. 5D ; not shown for shEF1-based cell lines). We then extracted total RNA for microarray expression profiling and analyzed the EWS-FLI1 target gene signature for differential gene expression (supplemental Fig. S2 ). A total of 497 probe sets were down-regulated by at least 1.5-fold due to EWS-FLI1 depletion of which 250 could be rescued to at least normal levels by induction of EWS-FLI1 wild type (Fig. 6, A and  B) . Only if the EWS-FLI1 target genes were modulated and recovered in the paired comparison of EWS-FLI1 induction and knockdown at both 24 and 48 h were they were considered as rescued. This pattern was similar for repressed target genes as 333 probe sets were at least 1.5-fold up-regulated of which 164 could be repressed again by ectopic EWS-FLI1 (Fig. 6 , A and C). However, we were most interested in the target genes that were further modulated with stabilized protein levels. Surprisingly, the large majority of these genes appeared to be unmodified and displayed no difference in target gene expression between wild type and mutant EWS-FLI1. However, two subgroups were modulated differentially by the mutated fusion protein. One subgroup seems to be protein-sensitive as 15 individual genes displayed higher RNA levels by at least 1.5-fold upon expression of stabilized EWS-FLI1 protein. From the other subgroup, 29 rescued candidates were fusion protein turnover-sensitive and could only partly be modulated by the mutant in comparison with wild type EWS-FLI1 (Fig. 6, A and B, and supplemental Table S2 ). Among the protein-sensitive DECEMBER 23, 2016 • VOLUME 291 • NUMBER 52
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candidates, IGF1 and long non-coding RNA EWSAT1 have already been characterized (41, 48) , whereas most other target genes have not been implicated in EWS-FLI1 oncogenesis. Selected target genes from the protein-dependent and unmodified group were validated by quantitative RT-PCR for two different shEWS-FLI1 sequences (Fig. 6D, shown for shEF2 ). Although the exact mechanism of EWS-FLI1 gene repression is not fully understood, the pattern of target gene modulation resembled that of activated target genes. The majority of repressed genes were unmodified, but here also two subgroups differentially modulated repression upon expression of stabilized protein levels (Fig. 6 , C and E, and supplemental Table S2 ).
Taken together, our results indicate that 82% of activated and 93% of repressed target genes have unaltered levels and cannot be further increased by higher EWS-FLI1 protein levels. Only subsets of the target gene signature are differentially modulated, implying that stability of EWS-FLI1 directs these important subgroups or primarily modulates other mechanisms.
Discussion
Here, we have demonstrated that EWS-FLI1 is a polyubiquitinated substrate that is primarily degraded by the proteasome. The high turnover of the fusion protein is controlled by one critical lysine residue located in the conserved ETS domain. . Mass spectrometry identifies Lys-380 residue as the main ubiquitination site. A, two lysine residues were identified to be ubiquitinated by mass spectrometry. Peptide spectra with a glycine-glycine shift for residue Lys-380 (peptide spectra for the Lys-298 site in supplemental Fig. S1A) . B, mutation of lysine residue Lys-380 prevents EWS-FLI1 ubiquitination. 3xFLAG-EWS-FLI1 and K298R and K380R mutants were co-expressed with HA-ubiquitin for 48 h in A673 cells, and purified ubiquitinated EWS-FLI1 was analyzed using anti-HA antibody by Western blotting. C, mutated Lys-380 residue stabilizes EWS-FLI1 protein. 3xFLAG-EWS-FLI1 and single and double mutants were transiently overexpressed for 48 h in A673 and SKNMC cells and analyzed with an anti-FLAG antibody by Western blotting. D, scatter plot for quantification for n ϭ 3 independent experiments; error bars represent S.D. E, EWS-FLI1 mutant shows nuclear localization. 3xFLAG-EWS-FLI1 and K380R single mutant were transiently expressed for 48 h in A673 cells. Cells were fixed, stained with anti-FLAG antibody, and used for immunofluorescence (40ϫ magnification). F, mutation of Lys-380 stabilizes EWS-FLI1 posttranslationally. HEK293T cells were transduced for 72 h with reporter constructs of EWS-FLI1, mutants K298R and K380R, and standards. EGFP/DsRed ratios were analyzed by FACS (G) after additional incubation with DMSO or 20 M MG-132 for 8 h. IP, immunoprecipitation; IB, immunoblotting; EF, EWS-FLI1; ub, ubiquitin; d1h, d4h, and d24h, degron (d) motifs with half-lives of 1, 4, and 24 h, respectively.
By exchanging the wild type EWS-FLI1 with its turnover-deficient mutant, we could show that protein stabilization differentially modulates two subsets of target genes whose expression could either be enhanced (protein-dependent) or only partially rescued (turnover-dependent). However, the majority of target genes are in an unmodified state and independent of protein stabilization.
Attachment of ubiquitins to a substrate triggers a variety of outcomes, including degradation and signaling depending on the ubiquitin acceptor site and ubiquitin chain linkage (32) . Here, we identified the fusion protein EWS-FLI1 as a substrate of the proteasome system in a time-and dose-dependent manner. The previously suggested lysosomal degradation route (37) possibly contributes to turnover but appears less relevant compared with the proteasomal pathway under steady-state conditions.
During the last decades, a variety of different technologies have been developed to dissect and understand ubiquitin-mediated processes (49) . GPS profiling was initially established to identify novel proteasomal or cullin-RING ligase substrates (38, 50, 51) . Thus, we applied this approach to analyze EWS-FLI1 turnover. Determination of the EGFP/DsRed ratio for the FIGURE 4 . Regulation of proteasomal turnover is conserved between EWS-FLI1 and FLI1. A, EWS-FLI1 displays fastest turnover. For GPS analysis of EWS-FLI1, EWSR1, and FLI1, reporter constructs and standards were transduced into HEK293T cells and analyzed after 72 h by FACS. B, full-length proteins EWSR1 and FLI1 were additionally treated with 20 M MG-132 or 20 g/ml CHX for 8 h. C, immunoprecipitation of EWS-FLI1, EWSR1, and FLI1 proteins. 3xFLAG-tagged versions were co-expressed with HA-ubiquitin for 48 h and stabilized for an additional 5 h with 20 M MG-132. After immunoprecipitation of tag proteins, the ubiquitin pattern was analyzed by anti-HA antibody. D, mutation of conserved residue K334R stabilizes FLI1 in GPS analysis. HEK293T cells were transduced for 72 h with reporter constructs of FLI1; mutants K172R, K252R, and K334R; and standards. The EGFP/DsRed ratio was analyzed by FACS. E, turnover-dependent lysine residue is conserved within most ETS family members. Shown is a ClustalW alignment of the conserved ETS domain sequence; the Lys-334/Lys-380 residue is marked in red. IP, immunoprecipitation; IB, immunoblotting; EF, EWS-FLI1; d1h, d4h, and d24h, degron (d) motifs with half-lives of 1, 4, and 24 h, respectively. * indicates conserved amino acids upon ClustalW alignment. DECEMBER 23, 2016 • VOLUME 291 • NUMBER 52 JOURNAL OF BIOLOGICAL CHEMISTRY 26927 fusion protein and known standard reporter constructs confirmed EWS-FLI1 turnover as proteasome-dependent and mapped the half-life to be between 1 and 4 h. Like most potent transcription factors, EWS-FLI1 also displays a fast turnover (52, 53) . Using leptomycin B, we could show that EWS-FLI1 is indeed exported out of the nucleus for degradation, suggesting that the fusion protein tightly maintains the balance of its cytosolic proteolysis. The apparent exclusive nuclear localization might therefore be due to its rapid cytosolic degradation.
EWS-FLI1 Degradation Is Mediated by One Lysine Residue
However, incubation of cells with the translation synthesis inhibitor CHX barely reflected the high turnover observed in the GPS under steady-state conditions. Using this assay, others have already suggested EWS-FLI1 as a stable protein (37) . In contrast, by using antisense oligodeoxynucleotides (26) and RNAi approaches, it is known that the fusion protein can be efficiently down-regulated within a short 24-h time frame, which would not be possible with a highly stable protein. Therefore, the discrepancy between the GPS/RNAi data and CHX treatment remains. However, complete inhibition of protein synthesis by CHX also affects other components of the ubiquitin system such as E2 conjugating enzymes or E3 ligases. Possibly, if a required E3 ligase is unstable and immediately depleted, EWS-FLI1 turnover might be prolonged as seen here with classical CHX treatment.
Although EWS-FLI1 has been shown to be posttranslationally modified (54 -56) , ubiquitination remained unknown. Here, we have demonstrated that the fusion protein is polyubiquitinated with a clear and distinct pattern, which supports the concept of a constant turnover. To better understand how the ubiquitinated fusion protein is degraded, we used affinitypurified EWS-FLI1 for mass spectrometry and searched for glycine-glycine modifications in the fragmented peptide sequence. From two possible ubiquitin acceptor sites, only mutation of the Lys-380 clearly abolished ubiquitination and posttranslationally stabilized the protein. Although we focused on EWS-FLI1 degradation, we do not exclude that this critical lysine may also trigger non-proteolytic signaling via alternative linked polyubiquitin chains. It is also worth mentioning here that we have analyzed our mass spectrometry data for occurrence of glycine-glycine shifts of the ubiquitin moieties. We have identified peptide shifts mainly for Lys-48-but also Lys-63-linked ubiquitins (data not shown), confirming our findings that Lys-48-linked chains are highly abundant but not the exclusive EWS-FLI1 ubiquitination pattern. Other ubiquitin-linked chains or mixed chains might also be relevant. Furthermore, mutation of this residue may also inhibit other modifications such as sumoylation. Acetylation of this residue has not been detected in contrast to the Lys-298 site (55) .
The comparison of EWS-FLI1 with its full-length proteins revealed that the polyubiquitin pattern is similar to that of FLI1. Indeed, mutation of the corresponding lysine residue in the ETS domain posttranslationally stabilizes both proteins. As the Lys-380/Lys-334 residue is highly conserved among most ETS family members, it might contribute to proteasomal degradation in other ETS proteins and their fusion proteins. Most interestingly, EWS-FLI1 displays a higher turnover compared with its full-length proteins EWSR1 and FLI1. In contrast, the ETS proteins ERG and ETV1, which are fused to the TMPRSS2 promoter in prostate cancer, stabilize the protein and confer a physiological advantage to cancer cells (33, 34, 36) . The truncated protein versions display increased stability due to loss of the N-terminal E3 ligase motif. However, EWS-FLI1 is not a truncated version of FLI1; instead the N-terminal domain is dominated by EWSR1 with a stronger transactivation domain. If the turnover and subsequent E3 ligase binding of ETS members are conserved, EWS-FLI1 might possibly interact with E3 ligases via its EWSR1 domain, giving rise to a new regulatory mechanism. However, the basic concept that truncated oncogenic TFs are more stable than their wild type counterparts (36) might not apply for fusion proteins consisting of two unrelated protein domains. Whether this is indeed a general paradigm or 
rather specific for EWSR1-related fusion proteins needs to be further elucidated.
We then deciphered the role of EWS-FLI1 turnover in transcriptional regulation of target genes. To investigate the influence of stabilized EWS-FLI1 on target gene expression, we established an inducible Ewing cell system that allowed depleting endogenous EWS-FLI1 protein while simultaneously expressing the wild type fusion protein or a turnover-deficient mutant. This system largely circumvents interference with endogenous fusion protein, enabling us to study the dynamic DECEMBER 23, 2016 • VOLUME 291 • NUMBER 52 behavior of posttranslationally stabilized EWS-FLI1 protein on transcriptional regulation. Surprisingly, around 85% of both activated and repressed target genes are in an unaltered state, including well characterized target genes such as NR0B1 and STEAP1 (30, 57) .
Although our EWS-FLI1 wild type overexpression constructs are around 2-fold above the endogenous EWS-FLI1 levels, it is possible that cofactors expressed at endogenous levels or interacting proteins limit further modulation. The knowledge of the EWS-FLI1 interactome is continuously expanding (28, 29) ; however, which cofactors or interacting proteins are most important or influence the fusion protein in a context-dependent matter still remain unsolved. Nevertheless, longer induction of wild type or mutated ectopic EWS-FLI1 up to 96 h induced cell death irrespective of the construct (data not shown).
Besides the majority of unmodified target genes, two other subgroups display a different behavior. 15 activated target genes are more highly expressed upon expression of stabilized EWS-FLI1 protein levels. This group includes protein-coding genes such as IGF1 (41) and LEMD1 and RNA-coding genes such as EWSAT1 (48) . Interestingly, EWSAT1 was also observed to be elevated upon higher EWS-FLI1 expression in a different experimental setting (48) , suggesting that our approach reflects a global pattern. Furthermore, 29 repressed target genes are less expressed upon expression of stabilized EWS-FLI1. None of these turnover-sensitive target genes have yet been characterized, although there are a few interesting candidates such as anaplastic lymphoma kinase and TP63.
Most interestingly, the activity of TFs can be influenced by their own turnover as shown for estrogen receptor ␣ or c-MYC (58, 59) . It was recently shown that the proteasomal turnover of c-MYC is required for full activity. Lysine-mutated c-MYC failed to induce tumorigenesis as inhibitory complexes could not be removed during target gene activation (58) , whereas other TFs are independent of ongoing degradation for their transcriptional activity (60) . Surprisingly, EWS-FLI1 induced distinct behavior in three subgroups of target genes. Speculatively, the two small subgroups of EWS-FLI1 protein-sensitive and turnover-sensitive target genes might be of greater importance, and their dynamics might trigger different response pathways in Ewing sarcoma oncogenicity. Although it is not yet clear how these subgroups are defined at their regulatory regions, possible driver target genes might be found in these two subgroups. Alternatively, because most target gene levels were unaltered, oncogenic properties might also depend on additional mechanisms such as interacting proteins and/or influence on the splicing machinery.
Taken together, turnover regulation of the major oncogenic driver EWS-FLI1 represents an important regulatory mechanism in Ewing sarcoma pathogenesis. Interference with fusion protein degradation might not only be a novel therapeutic strategy in Ewing sarcoma treatment but might also be applicable to other ETS-based fusion proteins.
Experimental Procedures
Cell Lines and Reagents-HEK293T cells were cultured in DMEM (Sigma-Aldrich) supplemented with 10% FBS (Sigma-Aldrich), 2 mmol/liter glutamine (BioConcept, Allschwil, Switzerland), and 100 units/ml penicillin/streptomycin (Thermo-Fisher Scientific AG, Reinach, Switzerland) at 37°C in 5% CO 2 . Ewing sarcoma cell lines A673, SKNMC, and TC71 were cultured in RPMI 1640 medium as described above. Additionally, dishes were precoated with 0.2% gelatin (Sigma-Aldrich). All cell lines have been tested and found to be mycoplasma-negative. The following reagents were used: bortezomib (Selleckchem, Houston, TX), chloroquine, cycloheximide, DMSO, doxycycline, E64, leptomycin B (all Sigma-Aldrich), LY294002, MG-132 (Millipore, Billerica, MA), and 3-methyladenine (ApexBio, Houston, TX).
Plasmids and Cloning-The coding sequences for human EWS-FLI1, FLI1, and EWS were subcloned into the NotI site of pCMV-3xFLAG vector (Sigma-Aldrich). For global protein stability, the coding sequences of DsRed-IRES-EGFP, d24-EGFP, d4-EGFP, and d1-EGFP (Addgene catalog numbers 41941, 41944, 41943, and 41942) were cloned into the EcoRI site of pR-EF1 (Cellecta Inc., Mountain View, CA). All cDNAs (EWS-FLI1, FLI1, EWS, and mutants) were inserted into the BstBI site at the 3Ј-end of DsRed-IRES-EGFP.
3xFLAG-EWS-FLI1 cDNA was cloned into the SpeI-BamHI sites of pInducer21 ORF (Addgene catalog number 46948). The pRSIT-U6Tet-shRNA-PGKTetRep-2A-GFP-2A-puro vector with shRNAs against EWS-FLI1 was purchased from Cellecta Inc. with the following target sequences: shEF1, 5Ј-ATAGA-GGTGGGAAGCTTATAA-3Ј (described previously in Ref. 31); shEF2, 5Ј-CGTCATGTTCTGGTTTGAGAT-3Ј (designed against the C-terminal FLI1 part according to RefSeq accession number NM_002017.4).
Cloning was performed by In-Fusion HD Cloning (Clontech) according to the manufacturer's protocol. All mutations were introduced using site-directed mutagenesis. Detailed information of plasmids, cloning, and mutagenesis primers can be found in supplemental Table ST1 . All clones were verified by sequencing.
Transient Transfection-For HEK293T cells, complete DMEM was mixed with PolyethylenimineMax (Polyscience, Cham, Switzerland) and plasmids for 15 min and then added to the cells for 48 h. For Ewing sarcoma cells, JetPrime (Polyplus Transfections, Illkirch, France) reagent was used according to the manufacturer's instruction in antibiotic-free RPMI 1640 medium.
Virus Production and Transduction-HEK293T cells were transfected with cDNA vectors and pMDL, pREV, and pVSV with JetPrime according to the manufacturer's instruction in antibiotic-free DMEM. Medium was replaced 24 h after transfection, and virus was harvested after an additional 48 h. Viral supernatant was cleared by centrifugation, filtered, and concentrated if necessary (Amicon Ultra 15 ml, Millipore). Ewing sarcoma cells were infected with the viral supernatant supplemented with 10 g/ml Polybrene (Sigma-Aldrich) for 16 -18 h.
Global Protein Stability Assay and Flow Cytometry-Lentivirus from HEK293T cells transfected with pR-EF1-DsRed-IRES-d1/d4/d24/EGFP-cDNA, pMDL, pREV, and pVSV was used to transduce HEK293T or Ewing sarcoma cells as described to about 5-10% DsRed-positive cells. Cells were harvested 72h after transduction; incubated with cycloheximide, leptomycin B, or MG-132 for 4 -8 h as indicated; and analyzed by FACS. Cells were resuspended in PBS and filtered using a 40-m cell strainer (BD Biosciences). FACS analysis was performed on a FACS Canto TM II cytometry system (BD Biosciences), and data were analyzed by FlowJo software (Treestar Inc., Ashland, OR). At least 50,000 cells were recorded for each experiment. Cell sorting was done with a FACS Aria TM III cytometry system (BD Biosciences).
Cell Lysis, Western Blotting, and Antibodies-Cells were harvested and lysed in standard lysis buffer (50 mM Tris/HCl, 150 mM NaCl, 50 mM NaF, 5 mM Na 4 P 2 O 7 , 1 mM Na 3 VO 4 , 10 mM ␤-glycerol phosphate, 1% Triton X-100 with protease inhibitor mixture Complete Mini (Sigma-Aldrich)). Lysates were sonicated and cleared by centrifugation. Proteins were separated by 4 -12 or 10% BisTris NuPAGE precast gels (ThermoFisher Scientific AG) and transferred to nitrocellulose membranes (GE Healthcare). Membranes were blocked with 5% milk powder in PBS with 0.2% Tween 20, and primary antibodies were incubated overnight at 4°C followed by a 2-h incubation with HRPlinked secondary antibody at room temperature. Proteins were detected by chemiluminescence using ECL detection reagent (GE Healthcare) or SuperSignal TM Western blotting reagent (ThermoFisher Scientific AG). Quantification of blots was performed using ImageJ (version 1.46r). The following commercial antibodies were used: anti-actin (dilution, 1:1000; Cell Signaling Technology), anti-FLAG (clone M2; 1:1000; Sigma-Aldrich), anti-FLI1 (1:1000; MyBiosource LLC, San Diego, CA), anti-GAPDH (1:1000; Cell Signaling Technology), anti-HA (1:1000; Millipore), anti-LAMP1 (1:500; Developmental Studies Hybridoma Bank, Iowa City, IA), anti-p27 (1:1000 (Cell Signaling Technology) and 1:200 (ThermoFisher Scientific AG)) and anti-Tubulin (1:40,000; Sigma-Aldrich).
Immunoprecipitation of Ubiquitinated Proteins-Cells were transfected for 48 h and treated with 10 M MG-132 prior to lysis in ubiquitin lysis buffer (2% SDS, 150 mM NaCl, 10 mM Tris/HCl, 2 mM Na 3 VO 4 , 50 mM NaF with Complete Mini protease inhibitor mixture), boiled for 10 min, and sonicated. Lysates were diluted 1:10 in dilution buffer (150 mM NaCl, 10 mM Tris/HCl, 2 mM EDTA, 1% Triton X-100), incubated for 30 min at 4°C, and cleared by centrifugation for 30 min at maximum speed. Immunoprecipitation was performed using anti-FLAG antibody (Sigma-Aldrich) coupled to Dynabeads Protein G (ThermoFisher Scientific AG). Lysates were incubated for 1 h at 4°C, washed three times, eluted at room temperature using 3xFLAG peptide (Sigma-Aldrich), and prepared for Western blotting analysis. An extended description for detection of EWS-FLI1 ubiquitination sites by mass spectrometry can be found in supplemental Fig. S1 .
Immunofluorescence and Microscopy-A673 cells were seeded on cover slides for 24 h and transiently transfected with FLAG-tagged plasmids for an additional 48 h. After fixing with 4% paraformaldehyde (Carl Roth, Arlesheim, Switzerland), cells were permeabilized and stained with anti-FLAG antibody (1:300) in 4% horse serum (Sigma-Aldrich) and 0.1% Triton X-100 in PBS overnight. Fluorescent secondary antibody (Alexa Fluor 488 anti-mouse; Sigma-Aldrich) in PBS with 4% horse serum was applied for 1 h. Cover slides were fixed on objective glass with DAPI Vectashield mounting medium (Vector lab-oratories Inc., Burlingame, CA) and analyzed by an Axioskop 2 MOT Plus microscope (Carl Zeiss Microscopy LLC, Thornwood, NY).
Quantitative PCR and Microarray Analysis-Total RNA was extracted from Ewing sarcoma cells using a Qiagen RNeasy kit (Qiagen Instruments AG, Hombrechtikon, Switzerland). cDNA synthesis was carried out using a High-Capacity Reverse Transcription Kit (Applied Biosystems by ThermoFisher Scientific AG). Quantitative PCR was performed using TaqMan gene expression master mix (ThermoFisher Scientific AG) and assays on demand (Applied Biosystems by ThermoFisher Scientific AG). A complete list can be found in supplemental Table  ST1 . Replicate values were pooled and represented as geometric mean values with a 95% confidence interval. Microarray expression analysis with total RNA was performed using GeneChip Human Gene 2.0 ST Array (Atlas Biolabs, Berlin, Germany). Data are accessible under Gene Expression Omnibus (GEO) accession number GSE81018.
Microarray Data Analysis-The raw microarray data were processed and normalized using the robust multiarray average algorithm (61) . Differential expression was computed using the Bioconductor package limma providing a moderated t test that is adapted to a low number of replicates (62) . Differential expression results were filtered based on -fold change and p values. All computations were done using R/Bioconductor. An extended description for target gene grouping can be found in supplemental Fig. S2 . 
